Abstract As one of the most devastating earthquakes, the 2008 Wenchuan earthquake occurred on imbricate, high-angle listric-reverse faults. The faults dip ∼70°a bove 15 km depth, become 30°to 40°below ∼15 km depth, and presumably root into a subhorizontal brittle-ductile transition zone below about 22 2 km depth. In this paper we use the viscoelastic finite-element method to simulate coseismic deformation and stress change, and recurrence of major earthquakes associated with the high-angle listric-reverse fault. Our modeling shows that changes of coseismic equivalent stress mainly occur in the vicinity of the seismogenic fault, especially the hanging wall of the fault in the depth range above 12 km. Modeled coseismic slip distribution and modeled average recurrent interval corroborate with geological, geodetic, and seismological observations. We modeled 250,000 yr slip history of the fault slip. The result shows that minor slips, which obey slip-predictable model, take place on 30°-40°dipping fault plane at depth below 15 km. When the isotropic stress accumulation on the gentle fault reaches the critical level, the entire gently dipping fault ruptures to form a large slip. The large slips on the gently dipping fault comply with a time-predictable model of recurrences. These larger slips on the gently dipping fault occur simultaneously with slips on the steeply dipping fault and might have triggered slips on the steeply dipping fault to form great events such as the 2008 Wenchuan earthquake.
Introduction
On 12 May 2008, a devastating earthquake struck densely populated Sichuan province, China (31.0°N, 103.4°E) (see the Data and Resources section). More than 80,000 people were killed, over 370,000 people were injured, and economic losses worth more than 800 billion RMB (nearly U.S. $100 billion) have been estimated (see the Data and Resources section). Both the surface-wave magnitude M s 8.0 and the moment magnitude M w 7.9 (Ji, 2008; Wang et al., 2008; Zhang, Feng, et al., 2008) attest to its being a great intracontinental earthquake.
The Wenchuan earthquake occurred on the Longmen Shan fault zone, which comprises the eastern margin of the Tibet Plateau. The active Longmen Shan fault zone is predominantly a convergent boundary with a right-lateral strikeslip component. This fault system was reactivated during late Cenozoic time along a Mesozoic orogenic belt (Burchfiel et al., 1995; Kirby et al., 2002; Burchfiel et al., 2008; Kirby et al., 2008) . To the west, eastern Tibet (Songpan-Ganzi Terrain in geological terminology) actively deforms by both right-lateral shearing and convergence perpendicular to the Longmen Shan fault Chen et al., 2000; Zhang et al., 2004; Shen et al., 2005; Gan et al., 2007) . Three subparallel active faults comprise the northeast-trending Longmen Shan fault zone (Fig. 1) . The Yingxiu-Beichuan fault, the major strand, coincides with the dramatic changes in the steepness of rugged topography . The primary rupture of the 2008 Wenchuan earthquake occurred on this major strand Xu et al., 2009) . The 2008 earthquake ruptured a 73 km section of the Guanxian-Jiangyou fault, the eastern strand of the fault zone along the mountain front. The Wenchuan-Maoxian fault follows the Minjiang River valley about 30 km west of the Yingxiu-Beichuan fault. The 2008 Wenchuan earthquake did not rupture this fault, but the region experienced numerous landslides and debris flows.
Average slip rates for the past ∼10; 000 yr, however, are estimated to be quite low, about 0:3-0:6 mm=yr for reverse and ∼1:0 mm=yr for right-lateral strike-slip on the YingxiuBeichuan fault, and 0:2 mm=yr for reverse faulting on the Guanxian-Jiangyou fault Zhou et al., 2007) . Such results are consistent with GPS estimates of the shortening rate across the Longmen Shan range: < 2-3 mm=yr Chen et al., 2000; Zhang et al., 2004; Shen et al., 2005; Gan et al., 2007; based on geodetic measurements made during the past two decades. The low slip rate corroborates historical seismicity that shows no earthquake with magnitude over 7 occurred along the Longmen Shan fault zone for at least the last 2000 yr . Why did such a great earthquake occur on a fault that is so unfavorable for slip resisted by friction? What were the processes of strain accumulation and release associated with the Wenchuan earthquake? What were the seismic cycles on the Longmen Shan fault belt? In this paper we construct a seismogenic structural model of the Wenchuan earthquake and use the viscoelastic finite-element method to simulate the straining processes on the bases of previous geological, seismological, and geodetic studies of the Wenchuan earthquake Wang et al., 2008; Chen et al., 2009; Liu et al., 2009; Shen et al., 2009; Xu et al., 2009; Zhang, Wen, et al., 2009; Zhang, Wen, et al., 2010) . We find that the interactions between the gently dipping segment at depth and steeply dipping segment at shallow level plays an important role in processes of strain accumulation and release.
Coseismic Ruptures and Seismogenic Structure of the Wenchuan Earthquake
Postearthquake field investigations indicate that the 2008 Wenchuan earthquake occurred on multiple, imbricate highangle (60°to 80°) reverse faults that consist of at least three strands. The primary rupture started near the town of Yingxiu (30.986°N, 103.364°E) near the epicenter, and terminated east of Shuiguan (32.2862°N, 104.9515°E) with length of 210 km (Fig. 2) . Discontinuous ruptures such as fissures and cracks could be found for an additional 20 km to the northeast, but no displacement could be measured along this northeastward continuation. Beyond the northeastern end of the surface rupture zone (fissuring zone) for another 65 km along the Yingxiu-Beichuan fault, frequent aftershocks indicate an additional rupture that did not reach the surface (Fig. 3) . Southwest of the southern end of the mapped surface rupture aftershocks extend for another 25 km, which makes the total length of the aftershock zone, and presumably of the rupture itself, 320 km (Fig. 3) . The maximum vertical offset is observed just north of the town of Beichuan, 9:0 0:5 m, and the maximum right-lateral offset is 4:0 0:3 m about 35 km northeast of Beichuan. The Guanxian-Jiangyou fault has been ruptured for a total length of 72 km with predominantly reverse motion Xu et al., 2009) . The third rupture is a 6-km-long and arcate surface rupture called the Xiaoyudong rupture zone. The northwest-trending section has a predominant left-slip component, whereas the north-northeast-striking section shows mostly reverse faulting toward the southeast. The Xiaoyudong rupture offsets a paved road with a left-lateral offset 2:3 0:3 m and a vertical offset of 1:5 0:4 m. The northwest-trending and arcate Xiaoyudong rupture apparently offsets the YingxiuBeichuan rupture zone left-laterally by about 4 km with about 1 m surface fault scarps.
The prominent feature in the coseismic displacement field measured with GPS is horizontal shortening or convergence across the seismogenic Yingxiu-Beichuan fault Zhang, Yuan, et al., 2010) . Northwest of the surface rupture, all stations moved eastward and southeastward relative to their preearthquake locations, whereas stations located southeast of the rupture moved westward and northwestward. The observed maximum horizontal coseismic displacement is about 2.4 m west-northwestward on the footwall and about 2 m southeastward on the hanging wall (Wang, 2009) . To the far field the decrease in displacement away from the fault on the hanging wall is slower than on the footwall. Joint inversion of GPS and InSAR data by Shen et al. (2009) shows that high-angle oblique reverse faulting is required to produce the geodetically observed coseismic displacement field.
The deep structure responsible for the Wenchuan earthquake is not known well because the steep topography across the Longmen Shan prevents acquisition of high-resolution seismic data. Surface exposures of the Wenchuan earthquake rupture along the Yingxiu-Beichuan fault show dip angles of 70°to 80°to the northwest (Fig. 3b,d , for example), and 40°t o 60°to the northwest along the Guanxian-Jiangyou fault Liu et al., 2008; Xu, Wen, et al., 2008; Xu, Ji, and Li, 2008; Xu et al., 2009) . Through waveform of fault-zone trapped waves analysis, found that the fault zone must dip ∼70°northwestward to a depth of 10 km.
Fault plane solutions of the mainshock indicate slip on a fault dipping 30°to 40° (CENC, 2008; Ji, 2008; Nishimura and Yagi, 2008; Zhang, Feng, et al., 2008; The Harvard CMT Catalog, 2008) . The precisely relocated epicenter of the mainshock is only 8 km southwest of the primary surface rupture at depth of about 18.7 km, the Yingxiu-Beichuan fault . If the Wenchuan earthquake rupture took place on a planar fault dipping 30°or 40°, for the given mainshock hypocenter location, the surface rupture would appear 22-32 km east of the Yingxiu-Shuiguan rupture and within the Sichuan basin. Thus, the seismogenic fault has to be a listric shape. Together, the relocated hypocenter and the fault plane solution of the mainshock require slip on a highangle listric-reverse fault to produce the mapped surface ruptures along the Yingxi-Beichuan and Guanxian-Jiangyou faults.
Based on the previous arguments, Zhang Zhang, Wen, et al. (2010) propose that the structure responsible for the Wenchuan earthquake consists of imbricate, high-angle listric-reverse faults. The faults dip ∼70°below 15 km depth, become 30°to 40°below ∼15 km depth, and presumably root into a subhorizontal brittleductile transition zone below 22 2 km depth. Under the stress regime of pure shear, according to various fracture criteria, slip on a fault dipping 30°-40°is easy. The initial slip on the gentle-dipping fault probably has caused the Coulomb stress changes that may, in turn, trigger significant slip on the high-angle dipping fault above it to form the Wenchuan earthquake (Zhang, Wen, et al., 2010) . 
Modeling Approach and Assumptions Model Construction and Parameters
In order to test the hypothesis mentioned previously and to understand the physical processes associated with stress buildup and release during the interseismic and coseismic deformation of the Wenchuan earthquake, we use the viscoelastic finite-element method to simulate cycles of earthquake generation and coseismic behaviors on the Longmen Shan fault zone. Numerous geological and geophysical studies indicate remarkable contrasts in lithospheric structure among eastern Tibet, the Longmen Shan, and the Sichuan basin (Burchfiel et al., 1995; Royden et al., 1997; Wang et al., 2007; Xu et al., 2007; Burchfiel et al., 2008; Royden et al., 2008; Yao et al., 2008; Liu et al., 2009; Wang, Mooney, et al., 2009; Zhang, Wen, et al., 2009; Zhang, Wen, et al., 2010) . We thus construct a model with different rheological structures for different regions.
In eastern Tibet, broadband seismic array studies Guo et al., 2009; Zhang, Yuan, et al., 2010) show that the crust thickness is 50 to 60 km and is consistent with previous estimations (Li et al., 2006; Wang et al., 2007; Xu et al., 2007; Yao et al., 2008) . The S-wave velocity structure indicates that the speed in the upper 20-22 km of the crust has been relatively high (3:1-3:8 km=s) except for a few kilometers of thick sedimentary cover near the surface with very low velocity (2:0-2:8 km=s); the velocity in the middle and low crust, however, has been remarkably low (2:8-3:5 km=s), and the upper mantle has a speed larger than 4:0 km=s . We thus view the middle and low crust and upper mantle of eastern Tibet as viscoelastic Maxwell material and the upper crust as the linear elastic material. Our model parameters for eastern Tibet are listed in Table 1 .
Seismic structures in the Sichuan basin are relatively simple. S-wave velocity is 3:5-3:8 km=s in the upper and middle crust of the Sichuan basin Wang, Mooney, et al., 2009; Liu et al., 2009 ) except for the uppermost ∼6 km below the surface that consist of Mesozoic rocks. Although the velocity is a little lower than the global average model, it is still much higher than that of eastern Tibet (2:8-3:5 km=s). We thus use linear elastic to simulate the entire crust of the Sichuan basin and use same the viscoelastic model to simulate the upper mantle of the Sichuan basin ( Table 1 ).
The Longmen Shan is different from the other two regions. Geologically, the Longmen Shan consists of three Precambrian metamorphosed crystalline massifs, from south to north as the Baoxin, Peng-guan, and Jiaoziding massifs Zhang, Wen, et al., 2010) . These crystalline massifs are mechanically very strong and are able to withstand stress. This is supported by the S-wave velocity structure given by Liu et al. (2009) who show the speed is as high as 3:8-4:0 km=s below Longmen Shan in the depth range between 12 and 23 km. Thus, we assign Longmen Shan a higher Young's modulus and lower Poisson ratio than the other two regions in our model (Table 1) .
We constructed a 330-km-long, 150-km-deep, 2D finiteelement model shown in Figure 3 . The Moho depth on the left side of the model, eastern Tibet, is ∼60 km; it is ∼40 km deep on right side of the model, the Sichuan basin . The dividing line between the upper crust and the lower crust in eastern Tibet is assumed as a brittle-ductile transition below which plastic flow or deformation may occur. The geometry of meshes of the finite element in the model is shown in Figure 3 , in which there are 5399 triangular three-node elements connected by 2835 nodes. 
Friction and Faulting
The Longmen Shan fault zone consists of three fault strands, along which two have been ruptured during the 2008 Wenchuan earthquake Xu, Wen, et al., 2008; Xu et al., 2009) . Because major coseismic slip and strain release mainly occurred along the Yingxiu-Beichuan fault, we only consider the main fault, namely the Yingxiu-Beichuan rupture, in our model for the purpose of understanding the principal physical processes associated with the Wenchuan earthquake. As we have described, the seismogenic fault is a high-angle listric feature that dips 30°-40°northwestward in the depth range of about 15 to 22 km, and dips ∼70°up-ward in the depth range above ∼15 km Zhang, Wen, et al., 2010) . The fault in Figure 3 is constructed to have the described listric geometric shape.
In the finite-element calculation, fault behavior, being in the state of stick slip, is modeled by means of the contact element method (Zhu and Zang, 2008; Zhu, Xing, et al., 2008) . A sudden slip on the fault is assumed as an earthquake event. On the contrary, in the interseismic period the fault is in the state of locking, with some strains accumulated on it. Friction on the fault surface poses important impact on kinematic and seismic behavior along a locking seismogenic fault. When the fiction coefficient increases, the frictional strength of the fault also increases so that the locking fault could store large amounts of elastic strain energy to generate great events such as the 2008 Wenchuan earthquake. The friction on the fault zone is very complex (Tse and Rice, 1986; Scholz, 1990; Dieterich, 1994; Scholz, 1998) . For simplicity we adapt the rate-dependent friction constitutive relation, μ μ0 a b lnV=V ref . In the formula, μ is friction coefficient, and it is μ0 when V is equal to V ref , where V is slip velocity, and V ref is a reference speed. Both a and b are parameters associated with material properties (Tse and Rice, 1986; Scholz, 1990; Dieterich, 1994; Scholz, 1998) .
There are no direct or indirect measured data available regarding the cohesion and the friction coefficient of the faults in the area. In this regard, therefore, we have to rely upon published data sets following other authors (i.e., Worum et al., 2004; Andrews, 2005; Hampel et al., 2009 ). In our model, a and b in the rate-dependent friction constitutive relation are assumed to be 0.01, 0.025, respectively (Zhu and Zang, 2008; Zhu, Xing, et al., 2008) , V ref Δu=Δt where Δu is a relative displacement between two contact nodes at the last step, and Δt is a timestep at the last step. When Δu is 0, namely in the steady state, μ μ0, and μ0 0:6 is chosen according to a method of trial and error (Zhu and Zang, 2008; Zhu, Xing, et al., 2008) .
When modeling fault behaviors by contact element, usually we encounter a problem of convergence in calculation (see the Data and Resources section; Zhu and Zang, 2008; Zhu, Xing, et al., 2008) . Contact with friction is a highly nonlinear problem in the finite-element method.
Besides, the initial stresses will decide stress evolution and contact behaviors. Therefore, they should be introduced in numerical simulation. However, so far we do not really know the absolute stress state, because we cannot directly measure in-situ stresses in deep earth, for example, over the depth of 10 km. In this study, we try to apply gravity for a time period of 1 m.y. to obtain the prestresses generally, in order to model the fault behavior reasonably.
Boundary Condition
How to apply boundary conditions is one of the key problems in finite-element modeling. Based on geological studies and GPS measurements (Shen et al., 2005; Gan et al., 2007; Zhang, Feng, et al., 2008) , the boundary conditions are applied as follows: the surface of the model is set to free, the right side of the model is set to zero in the horizontal direction and is free vertically (shown in Fig. 3 ), because the Sichuan basin is regarded as stable. The bottom of the model is free to move in the horizontal direction and is fixed to zero vertically. The left side is applied displacements, with the magnitude obtained according to the speed of 5 mm=yr, the average value of the GPS velocity vectors, with directions along x-axis, pointing to the Sichuan basin, that is, from A to B (shown in Fig. 3) .
As we know, gravity plays an important role in the modeling of the fault behaviors. Therefore, gravity is considered in the model. The initial stress field in the model is obtained first by applying gravity for 1 m.y., then by loading boundary displacements of 1:5 × 10 4 m on the left side for the period of 3 m.y., equivalent to the velocity of 5 mm=yr from GPS measurements. On the base of the initial model, we apply boundary displacements of 500 m, corresponding to the surface movement for 100,000 yr (in accordance with the velocity surveyed by GPS). In the following, we will present some of the results calculated by means of the viscoelastic finite-element method in this latter period of time.
Software and Modeling Processes
We performed numerical modeling using commercial finite-element software MSC MARC (see the Data and Resources section). Slip initiation on the fault is governed by the Mohr-Coulomb failure criterion τ C μσ n , where τ is the shear stress, C is cohesion, μ is the friction coefficient, and σ n is the normal stress. In our model, we apply a rate-dependent friction law with μ0 0:6 and zero cohesion. Gravity is included in the model as a body force.
In modeling fault behavior, we assigned some parameters, such as the friction coefficient, by calling subroutine UFRIC in MSC MARC (see the Data and Resources section), which can be modified by any user. In this paper, the calculation is performed by a quasi-static state problem with 100,000 computational steps.
Results of Straining Processes
As we have mentioned previously, geological, seismological, and geodetic data on the Wenchuan earthquake suggest imbricate, high-angle, listric-reverse faults that dip ∼70°above and 30°to 40°below ∼15 km depth, and then root into the subhorizontal brittle-ductile transition zone below 20-22 km depth. Our finite-element modeling indeed shows that this kind of geometric pattern can simulate coseismic deformation, stress, energy change, and recurrence of major earthquakes reasonably well.
Coseismic Equivalent Stress Changes
To study the coseismic stress changes caused by slip along the listric fault, we calculate equivalent stress produced by (1) planar fault with a dip angle of 30°; (2) planar fault with a dip angle of 70°; and (3) listric fault with a 70°dip angle above 15 km depth, and a 30°dip angle below 15 km depth (Fig. 4) . In fact, we compute the equivalent stress in this paper, which is defined as
where σ 1 , σ 2 , and σ 3 are the first, second, and third principal stress, respectively. Equivalent stress is a scalar quantity, a measure of the change in the state of the stress at these points in the model. Significant stress changes take place more than 100 km from the planner reverse fault with a 30°dip angle and more than 50 km from the planner reverse fault with a 70°dip angle (Fig. 4a,b) . These distributions do not agree with the Wenchuan earthquake whose coseismic displacements from InSAR and GPS mainly occur within the 20-30 km wide Longmen Shan fault zone and decay rapidly from the seismogenic fault Wang, 2009; Zhang, Wen, et al., 2010) . The 20-30 km wide aftershock zone Zhang Wen, et al., 2010) further attests to the narrow distribution of the coseismic deformation. The listric fault produces narrowly distributed (20-30 km) coseismic stress changes (Fig. 4c) that agree with the Wenchuan earthquake observations. The modeling result shows that increases of equivalent stress mainly occur in the hanging wall of the fault, especially in the area between 10 and 30 km depth near the fault (Fig. 5a) . Decreases of the equivalent stress take place on the footwall of the fault. Significant decreases occur near the fault in the upper 8 km depth on both the hanging wall and the footwall, and follow the dip of the fault on the footwall to the depth of 20 km (Fig. 5a ). We plot precisely relocated aftershocks on the distribution of equivalent stress distribution (Fig. 5a ). It shows that most of the aftershocks located in the area of equivalent stress increase. One of the two exceptions is in the depth range of 10 to 20 km on the footwall near the fault. We suggest this exception can be interpreted as influence of another fault strand, the Guanxian-Jiangyou fault that partially ruptured during the Wenchuan earthquake, but was not studied in our model. The other one is the cluster of events between 15 and 20 km to the west of the fault, which seems to be in a region of slight stress decrease. We suspect this might have something to do with the westernmost strand of the Longmen Shan fault zone, the Wenchuan-Maoxian fault, although it did not rupture in 2008. The sparseness or even absence of the aftershocks in the upper 10 km depth range is consistent with equivalent stress decrease.
To test if the material property has any control on the behavior of the high-angle listric-reverse fault, we simulate the model without a strong Longmen Shan by setting the same Young's modulus and Poisson ratio for the Longmen Shan and eastern Tibet. Figure 5b is the coseismic equivalent stress change associated with this model. The equivalent stress increases mainly occur below ∼20 km and above ∼10 km depth in the hanging wall. Most of the aftershocks located in the coseismic equivalent stress decrease in areas between 10 and 20 km depth range. The model without a strong Longmen Shan appears to be less applicable to the Wenchuan earthquake than the one with it.
Coseismic Slip Distribution
We have calculated coseismic slip distribution through forward modeling using our finite-element model. Figure 6 is a cross section view of our calculation. The general pattern of coseismic displacement roughly agrees with observations Xu et al., 2009; Shen et al., 2009; Wang, Cui, et al., 2009; Zhang, Wen, et al., 2010) . As shown by coseismic GPS measurements, the prominent feature is horizontal shortening or convergence across the Longmen Shan fault Wang, 2009; Zhang, Wen, et al., 2010) . Northwest of the surface rupture all stations moved eastward and southeastward in a frame of reference defined by their preearthquake locations, whereas stations located southeast of the rupture moved westward and northwestward. Our modeling results also show convergence across the fault and significant vertical displacement. The pattern of coseismic deformation and the ratio of vertical to horizontal displacement are consistent with those of coseismic observations. For example, our model shows the coseismic deformation is characterized by vertical displacement with a ratio ∼2:3 of vertical to horizontal. Field observations gave 9:0 0:5 maximum vertical offset and 4:3 0:6 maximum horizontal shortening with a ratio ∼2:1.
There were several leveling profiles across the Longmen Shan that have been surveyed twice in 1983 and 1997 before the 2008 Wenchuan earthquake (Wang, Cui, et al. 2009 ). Some of the profiles were destroyed by subsequent road constructions before the Wenchuan earthquake and by landslides and earthquake lakes during the Wenchuan earthquake. Fortunately, a profile from Jiangyou (104.743°E, 31.776°N), through Beichuan (104.445°E, 31.798°N), to Maoxian (103.881°E, 31.701°N) was able to be resurveyed after the Wenchuan earthquake. The survey provides coseismic vertical displacements associated with the Wenchuan earthquake (Fig. 6) . The coseismic vertical uplift measured by leveling is 4.7 m about 200 m away from the fault and decreases to 1.4 m about 8 km away from the fault on its hanging wall. The largest coseismic subsidence was measured to be ∼2:44 m on the footwall of the fault with uncertainty of 0.5 to 1.0 m (Wang, Cui, et al., 2009) . Geological observation, however, gave 9:0 0:5 m vertical displacement (Ran et al., , 2010 . Our modeling result gives about 8 m maximum vertical coseismic offset, which is in good agreement with both geological and geodetic observations. Moreover, the pattern of vertical displacement is similar to our model prediction in its general shape (Fig. 6b) . The pattern similarity implies that the listric geometry of the modeled fault indeed characterizes the seismogenic fault at depth. 
Earthquake Recurrence
One of the reasons causing seismic risk underestimation of the Longmen Shan fault is the lack of earthquakes of magnitude greater than 7 during ∼2300 yr of documented history of Sichuan province . Paleoseismological studies provide direct information on rupturing behavior and earthquake recurrence. Densmore et al. (2007) reported the last surface rupture events had not occurred for 12,000-13,000 yr along the Yingxiu-Beichuan fault and for 4000 yr along the Guanxian-Jiangyou fault. Based on geological and geodetic study, Burchfiel et al. (2008) roughly bracketed the recurrence interval from 2000 to 10,000 yr. Using maximum coseismic displacements and fault slip rates from both GPS and geological observation, calculated recurrent intervals of 3000 to 5000 yr. Shen et al. (2009) shows that earthquake recurrence intervals across fault segments are estimated at ∼4000 yr using the coseismic slip distribution along the fault surface and geodetic and geological slip rates. Preliminary results of paleoseismological study by trenching at different sites reveal at least three prehistoric events prior to the 2008 Wenchuan earthquake; the recurrent intervals, although variable, are estimated between 2300 and 3300 yr (Ran et al., , 2010 . Thus, earthquake recurrences obtained by paleoseismic trenching and independently estimated from other methods along the Longmen Shan fault can be constrained to be within 3000 to 4000 yr.
Another very important feature is the apparent characteristic behavior of great earthquakes along the Longmen Shan fault. During studies on surface rupture, Ran et al. (2008) found that heights of fault scarps on the old geomorphic surfaces have a multiple relation with the coseismic vertical displacement associated with the 2008 Wenchuan earthquake on the same surfaces. For example, in the town of Leigu (N31°46 0 47:2 00 , E104°25 0 13:9 00 ) along the YingxiuBeichuan fault, vertical offset by the 2008 Wenchuan earthquake is 1.7-2.0 m. Previous displacement at this site is also in this similar amount that makes the total height of the fault scarp ∼4 m. Ran et al. (2008) reports that the second terrace above the Minjiang riverbed at the town of Yingxiu has been displaced for 7.6 m, including 2.4 m of coseismic offset during the Wenchuan earthquake. Trenching across the fault scarp reveals two more paleoearthquake events, each with offset about 2.6 m . Thus, at least the last three earthquakes apparently had similar magnitudes of slip at this locality.
As we have described previously, earthquake occurrence in our finite-element calculation is modeled by means of the contact element method, where an abrupt slip on contact nodes (modeled fault) is assumed as an earthquake event. Each step in the time-slip curve shown by Figure 7 is regarded as a seismic event. Figure 7 shows an example of temporal variation of modeled coseismic displacement at typical nodes on different segments of the modeled fault. The red curve in Figure 7 shows slip history of a node on the fault ∼10 km deep, representing slip history of the steep segment of the Longmen Shan fault, whereas the blue curve is for a node ∼20 km deep on a gentle segment of the fault. From these two time-slip curves we can examine the temporal behavior of both steep-dipping and gentle-dipping faults to evaluate recurrent interval of the fault.
Three types of abrupt slips from time-slip curves can be identified, and each may represent different coseismic events in different segments of the modeled listric fault (Fig. 7) . The first type (major slip) includes steps in the time-slip curve on the steeply dipping segment of the fault. The amounts of abrupt slips usually range from 6 to 10 m. The second type of slip (large slip) occurs on gently dipping segments of the modeled fault at the same time with the abrupt slip on the steeply dipping fault. Amounts of slips vary from 3 to 6 m. The third type (minor slip) includes small slips occurring on the gently dipping fault with minor slips of less than 1.8 m. The minor slips take place within the intervals between two major slips. We regard the synchronous slips on both gently and steeply dipping fault segments as the major earthquake events due to their large amount of abrupt slips on the entire fault (Fig. 7) . We further attribute these events as those similar to the 2008 Wenchuan earthquake with a few hundred kilometers of surface rupture and more than 5 m average coseismic slip. The third type of small-slip events are regarded as moderate size earthquakes (M 5 to 6) and occurred only in the gently dipping fault at depth below 15 km without prominent surface deformation.
We modeled the 300,000 yr slip history of the listricreverse fault and obtained 89 major slip events that were equivalent to the 2008 Wenchuan earthquake. Figure 8 shows the distribution of these 88 modeled recurrent intervals, among which 56 are within the 2600 to 3600 yr time span. We thus infer that the modeled average recurrent interval is 3100 500 yr. We arbitrarily selected the first 25,000 yr time span to evaluate the slip history of the listric fault (Fig. 7) . Eight modeled coseismic events (Fig. 7a-g ) and seven recurrent intervals can be recognized from the modeled time-slip curves. The recurrent intervals of major events range from 1843 to 4603 yr with an average of 3298 yr. Although the longest interval is 2.5 times the shortest, 5 of the 7 modeled intervals are larger than 3000 yr. The modeled average interval (3298 yr) roughly agrees with both the calculated interval (3100 500 yr) for the entire time span of 300,000 yr and the estimated intervals (3000 to 4000 yr) from geological, geodetic, and seismological observations, and helps to explain the absence of historical major (M > 7) earthquakes in the Longmen Shan region (Ran et al., , 2010 Wen et al., 2009 ).
Discussions Robustness of Modeling Results
Although the modeling appears to be robust and the results reveal interesting behavior of this high-angle listricreverse fault system, the large numbers of free parameters make it difficult to assess the degree to which this result depends on the choice of parameters. In the following, we provide a more systematic treatment of sensitivity to chosen values by using the obtained recurrent interval and characteristic behavior as constraints for numerical modeling. Figure 9 shows testing results of material variation to the modeled coseismic displacements and recurrent intervals. If the upper crust of Longmen Shan is as weak as the upper crust of eastern Tibet (Young's modulus: E 7:0 × 10 10 pa; Poisson ratio: μ 0:28; mass density: ρ 2:6 Mg m 3 ), the resultant coseismic displacements on the steeply dipping segment of the fault would range from 20 to 30 m with recurrent intervals varying from ∼5; 000 to 13,000 yr (Fig. 9a) . This is obviously inconsistent with the observations. In the case of weak upper crusts for all three areas (E 6:0 × 10 10 pa; μ 0:35; ρ 2:7 Mg m 3 ), the steeply dipping segment of the fault ruptures with recurrent intervals of longer than 10,000 yr, and the coseismic slips vary from 3 to 12 m (Fig. 9b) . The gently dipping segments at depth slip more frequently, with the total amount of slip double that of the steeply dipping segments. Figure 9c shows slip history under the condition of strong upper crusts for all three areas (E 7:5 × 10 10 pa; μ 0:23; ρ 2:7 Mg m 3 ); the steeply dipping segment of the fault ruptures irregularly with variable amount of displacements and recurrent intervals. If the footwall of the fault, the Sichuan basin, is assumed to be weak (E 6:0 × 10 10 pa; μ 0:35; ρ 2:7 Mg m 3 ) and the Longmen Shan and eastern Tibet are supposed to be strong (E 7:5 × 10 10 pa; μ 0:23; ρ 2:7 Mg m 3 ), the total displacement is only less than 18 m on the steeply dipping segment, which is only one-third of the total slip on the gently dipping segment at depth (Fig. 9d) . Each event slips irregularly from 0.5 to 5 m with variable recurrent intervals from 1000 to 3000 yr (Fig. 9d) . To summarize, neither recurrent interval nor slip behavior is consistent with observations in each of these four cases.
We also tested the frictional coefficients. If the frictional coefficient is set to be low, μ0 0:25, the steeply dipping segment slips more or less regularly with more than 20 m displacement per event and accumulates much larger total displacement than the gently dipping segment (Fig. 10a) . A huge slip of more than 200 m takes place after 20,000 yr in our modeled slip history, which is unlikely to happen from our understanding of earthquake mechanics. The high frictional coefficient (μ0 0:85) produced only less than 4 m and less than 45 m total displacement on the steeply dipping and gently dipping segments, respectively, for 35,000 yr (Fig. 10b) . Both low and high frictional coefficients fail to simulate the characteristic slip behavior and 3100 500 yr recurrent interval.
Our preferred model reveals the amounts of coseismic displacements tend to cluster within a narrow range similar to that characteristic of earthquakes (Schwartz and Coppersmith, 1984) . Take the arbitrarily selected 25,000 yr time span as an example (Fig. 7) ; the coseismic displacements are in the range of 5.1 m to 10.5 m, but 5 of the 7 offsets are between 6 m and 6.7 m, which are roughly consistent with characteristic behavior of coseismic slip obtained by paleoseismological and active faulting studies Zhang, Feng, et al., 2008; Ran et al., 2010) . The average recurrent interval simulated by our preferred model is 3100 500 yr, corroborating 3000-4000 yr by paleoseismic trenching and independently estimated from other methods. Through comparisons with other models (Figs. 8 and 9 ), we think that the model used by this paper may indeed represent the principal physical processes of the 2008 Wenchuan earthquake.
Rupturing Behaviors of Listric-Reverse Fault Figure 7 clearly illuminates different behaviors between gently dipping segments at depth and steeply dipping segments in the shallow level of the fault. The steeply dipping segment only ruptures to produce large slip or great earthquakes, and there is no minor slip between two major events (Fig. 7) . This suggests that frictional strength of the steep segment is large enough to sustain interseismic tectonic loading to prohibit minor slip so that it only slips to produce great earthquakes when the accumulated stress approaches its critical level. The gently dipping segment at depth slips frequently with less amount of offset per event than the steeply dipping segment (Fig. 7) . These frequent slips in the gentle segment of the fault can be interpreted as relatively weak frictional strength in contrast to that of the steep segment of the fault.
Major slips or great earthquakes do not follow any proposed recurrent models (Fig. 7) such as periodic recurrence of characteristic earthquakes, time-predictable earthquakes, and slip-predictable earthquakes (Shimazaki and Nakata, 1980; Schwartz and Coppersmith, 1984; Yeats et al., 1997) . Minor slips within each recurrent interval appear to follow the slip-predictable model except when there are two intervals with only one minor slip (Fig. 7) , but the large slip simultaneously ruptured with major slip on the steep segment of the fault does not scale with the minor slips to constitute the slip-predictable model. The slip-predictable model implies that the residual frictional stress on the gently dipping fault remains constant at depth after each slip event. However, the large slips of the gently dipping fault themselves roughly accord with the time-predictable model, suggesting constant fracture strength or a constant critical stress level. When accumulating stress on the fault exceeds this critical level, significant rupture takes place on the gently dipping fault.
We propose the following scenario to describe the interseismic straining and seismic coupling processes. It may not be realistic, but we think it may be possible. Because it is more likely to slip easily on a 30°-40°dipping fault plane, the gently dipping fault below 15 km depth ruptures frequently with 1-2 m small slips during interseismic periods. These small slips, corresponding to medium size (M w 6.5-6.7) earthquakes according to empirical relationships by Wells and Coppersmith (1994) , obey the slip-predictable model of earthquake occurrences during each interseismic interval (Fig. 7) . We interpret these small slips to result from inhomogeneous stress releases on small patches of the gently dipping fault plane during interseismic stress accumulation processes. Except for upward loading of stress on the steeply dipping fault above it, the role of these slip-predictable small slips may also be to smooth out the gently dipping fault plane so that the frictional strength remains isotropic on the entire gently dipping fault. When the isotropic stress accumulation on the fault reaches the critical level, the entire gently dipping fault ruptures to form a major slip. These major slips on the gently dipping fault occur simultaneously with slips on the steeply dipping fault, and might have triggered slips on the steeply dipping fault to form great events such as the 2008 Wenchuan earthquake. The frictional strength of the gently dipping fault may be constant under the stress regime of eastern Tibet. This may be the main reason why the large slips on the gently dipping fault comply with the time-predictable model of recurrences (Fig. 7) .
The steep dip and orientation perpendicular to regional compression of the Longmen Shan fault zone make it unfavorable for slip resisted by friction. Convergence normal with a high-angle reverse fault should increase its frictional strength to prohibit the slip along the fault (Sibson, 1987 (Sibson, , 1988 . Thus, the frictional strength on the Longmen Shan fault zone would seem to require either fluid overpressure to activate it in the horizontal compressional regime (Sibson, 1988; Xu, Ji, and Li, 2008) or stress triggering to increase shear stress on the steeply dipping fault plane. Our modeling results suggest the stress triggering may be the possible mechanism for slip on the steeply dipping fault. Frictional strength of the gently dipping fault below 15 km depth appears to be weak so that slips easily occur during interseismic stress accumulation, while the steeply dipping fault above 15 km depth remains to be locked without any slip. When stress accumulation reaches the critical level on the gently dipping fault, the entire gently dipping fault ruptures with much larger slip than other interseismic slips. This slip may be large enough to trigger slip on the steeply dipping fault to rupture to form a great earthquake. Initiation of the 2008 Wenchuan earthquake is from 18 to 19 km depth on a fault plane with a dip angle of 30°-40° Ji, 2008; Wang et al., 2008; Zhang, Feng, et al., 2008) . Seismic waveform and geodetic inversions (Ji, 2008; Zhang, Feng, et al., 2008; Wang et al., 2008; Nishimura and Yagi, 2008; Shen et al., 2009 ) all indicate that significant coseismic slips and energy releases mainly occur in the steep segment of the fault above 15 km depth, which is further supported by our modeling results of coseismic stress changes (Fig. 5) . The triggering mechanism explains to some extent why the modeled major slips do not comply with any earthquake recurrent models.
Conclusions
Our viscoelastic finite-element simulation shows that changes of coseismic equivalent stress mainly occur in the vicinity of the seismogenic fault, especially the hanging wall of the fault in the depth range above 12 km. Modeled coseismic slip distribution and modeled average recurrent intervals corroborate with geological, geodetic, and seismological observations.
We modeled the 300,000 yr slip history of the listricreverse fault and obtained 89 major slip events that are equivalent to the 2008 Wenchuan earthquake. The average recurrent interval is calculated to be 3100 500 yr, which is in good agreement with the 3000-4000 yr interval observed by paleoseismological investigations and estimations by other methods.
Our model also shows that minor slips appear to obey the slip-predictable model on the 30°-40°dipping fault plane at depth below 15 km. The large slips on the gently dipping fault comply with time-predictable model of recurrences. The large slips on the gently dipping fault occur simultaneously with slips on the steeply dipping fault and might have triggered slips on the steeply dipping fault to form great events such as the 2008 Wenchuan earthquake.
Data and Resources
Coseismic data used in this paper came from published sources listed in the references. We performed numerical modeling using commercial finite-element software MSC MARC (MSC Software, 2005; www.mscsoftware.com, last accessed July 2010) . Facts about the 2008 Wenchuan, Sichuan, earthquake, the number of casualties, and the economic losses can be found at www.csi.ac.cn/sichuan/ sichuan080512_cs1.htm (last accessed August 2010).
